The ytterbium catalyst immobilized on the cross-linked poly(4-vinylpyridine/styrene) copolymer (P/S-Yb) was applied in the Mannich-type, three component one-pot synthesis of β-aminoketones. This catalytic system showed excellent catalytic activity and selectivity which resulted in the exclusive formation of β-aminoketone. The applicability of this immobilized catalyst system was shown by the reusability test and again highlighted by the synthesis of a β-aminoketone library using a broad range of substrates.
Introduction
In the modern syntheses of chemical libraries, drugs, natural products, fine chemicals, and etc., the use of polymersupported reagents, catalysts, and scavengers have provided several advantages such as simplification of product work-up and recovery/reuse of polymer-bound species.
1 One particular interest lies on the immobilization of organometallic species on solid matrix. A variety of transition metal or rare earth metal catalyzed reactions has been already established and also will take an important part of the synthetic chemists' arsenal. 2 From practical, economical, and environmental standpoints, heterogeneous metal catalysts immobilized on polymers or other insoluble matrix clearly have benefits since immobilized catalysts can be recovered from reaction mixtures by simple filtration to be recycled. In addition, safety issues such as product contamination by the catalyst are far less of a concern than when homogeneous catalysts are used, especially in the pharmaceutical industry. 3 In the last two decades, rare earth metal triflates (RE-(OTf) 3 ) have been developed as mild, water-stable Lewis acids in a wide range of organic transformations including aldol, Diels-Alder, Michael addition, aziridination, oxidation/ reduction, rearrangement, and protection/deprotection reactions. 2 The most characteristic features of lanthanide triflates (Ln(OTf)3) are that they are stable in the presence of water and most polar functional groups, and catalytically active even in the presence of Lewis bases containing nitrogen, oxygen, phosphorous and sulfur atoms. So far, these catalysts have been mainly utilized as homogeneous catalysts in most applications. 4 Although they could be recovered by aqueous extraction and reused, 4a the use of immobilized catalysts on solid supports is more desirable to achieve improved recycling and facile use in given synthetic schemes. Accordingly, preparation methods of immobilized RE(OTf)3 catalysts using different immobilization techniques and/or different insoluble matrixes have been reported. 5, 6 Polymer supported scandium catalyst, polyallylscandium trifylamide ditriflate (PA-Sc-Tad), in which the scandium was immobilized onto solid supports by complexation, has been reported by Kobayashi group.
5 Recently, the same research group also developed microencapsulated RE(OTf) 3 using soluble polystyrene and lightly cross-linked polystyrene as supports.
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Although these catalysts were recycled without any loss of catalytic activity, there are some drawbacks. For example, in spite of the excellent stabilities of PA-Sc-Tad, the activity of the catalyst are rather lower than that of its soluble counterpart, Sc(OTf) 3 . 5 In addition, there are some difficulties in the intricate multi step preparation of both aforementioned catalysts and/or in its use which requires precipitation of the polymer for recovery of catalysts. 5, 6 One of our research programs has been focused on the development of the novel polymer-supported catalysts and reagents, more specifically the immobilization of metallic species to polymer matrix for various purposes. Recently, we found that the lanthanide triflates, in particular, Yb(OTf)3 can be easily immobilized on the series of cross-linked poly-(4-vinylpyridine/styrene) copolymer ( x P/S, where superscript x equates to % pyridine content) 7 as well as on the series of ionic polymers prepared by quaternization of parent x P/S resins. 8 We also reported that both the immobilized ytterbium catalysts showed excellent catalytic activity and reusability in a Lewis acid-catalyzed model reaction, two component reaction of preformed imine and vinyl silyl-ether yielding β-aminoketones.
Prompted by these results, we decided to examine the catalytic activity and reusability of P/S supported ytterbium(III) triflate (P/S-Yb) in Mannich-type, three component one pot synthesis of β-aminoketones which is much more robust than the previously mentioned two component synthesis. Herein we wish to report the results. 
Results and Discussion
Recently, we reported the two component synthesis of β-aminoketones from preformed imines and silyl enol ether using ytterbium catalyst immobilized on two different kinds of solid matrixes. Significant improvement of reactivity and reusability was not observed by employing ytterbium immobilized on ionic liquid-based polymeric supports than that on the parent P/S resins, in spite of the rather tedious, multi-step modification of the former from the latter. Accordingly, we decided to use P/S resins as supports for the immobilization of ytterbium and, among a series of P/S resins embedding different quantities of pyridine functionality, we chose 30 P/S resin which displayed the best catalytic activity and reusability. 7 The optimized solvent system (CH3CN:CH2Cl2 = 3:1) worked efficiently in this Mannich-type three component reaction using 1-naphthaldehyde, aniline, and silyl enol ether 3 as model substrates (Scheme 1). The preferential coordination/activation ability of the immobilized ytterbium catalysts to aldimine over aldehyde resulted in the exclusive formation of desired β-aminoketone 4a (R 1 = 1-naphthyl, R 2 = phenyl) in the yield over 90%, and no appreciable amount of potential side products, such as β-hydroxyketone or its dehydrated product, was observed. In addition, even without the employment of dehydrating additives such as molecular sieves or magnesium sulfate, which are in many cases utilized to accelerate the process, the reaction proceeded in a rate comparable to that observed in two component reaction. The immobilized ytterbium catalyst is not sensitive to air and moisture upon storage and much easier to handle than its soluble counterpart, Yb(OTf) 3 . In addition, the catalyst was not influenced by water formed and not altered during the reaction, confirmed by the reusability and leaching test of 30 P/S-Yb using the same substrates for the ten successive cycles. The recovered catalyst by filtration could be reused more than ten times without the loss of catalytic activity. During the 10 runs, any considerable retardation of reaction was not observed and all the reactions were completed within two hours with yields constantly over 90% after isolation (1 st , 5 th , and 10 th run). No significant leaching of the catalyst was observed via IR experiments of recovered catalysts ( Figure  1 ). The result was further confirmed through ICP-AES analysis; no detectable amount of ytterbium (detection limit corresponded to 0.2% of total ytterbium on the catalyst) was monitored in each filtrate.
Encouraged by these results, we then synthesized a small set of β-aminoketone library 4 using a combination of aromatic, aliphatic, and α,β-unsaturated aldehydes 1, aromatic amines 2, and silyl enol ether 3 (Table 1) . It should be noted that each reaction was achieved using the recovered catalysts from the previous reaction. As reported in Table 1 , all the members of library 4 were synthesized in high yields proving that the catalyst was successfully reusable at least for fifteen runs without the appreciable loss of catalytic activity, as exemplified by the isolated yields obtained in the 1 st and 15 th reaction cycles for the same product 4 (entries 1 and 15 where R 1 = R 2 = phenyl).
Conclusions
The ytterbium catalyst immobilized on the cross-linked poly(4-vinylpyridine/styrene) copolymer was applied in the Mannich-type three component one pot β-aminoketone synthesis. This catalyst showed good catalytic activity and can be reused several times without a loss of its catalytic activity. It also demonstrated excellent selectivity for aldimine towards the nucleophilic attack which resulted in the formation of the desired β-aminoketones exclusively; contamination of potential side products raised from the aldehyde activation was not observed. To show the broad applicability of the catalyst system, a small set of β-aminoketone library was successfully synthesized by using a combination of a variety of aromatic/aliphatic aldehydes and aromatic amines. In the construction of the library, the reusability of the catalyst was again highlighted by synthesizing each library member using a catalyst recovered from the previous reaction.
Immobilization of other kinds of organometallic species possessing Lewis acid catalytic activities as well as their application in other kinds of Lewis acid catalyzed reactions to construct small organic molecule libraries is currently in progress and will be reported in due course.
Experimental Section
General. All chemicals were obtained from commercial suppliers and were used without further purification. All of the glassware used in the solid-phase reactions was silanized by treating with Sigmacote ® or 10% dichlorodimethylsilane in toluene followed by dry MeOH. Thin layer chromatography (TLC) was carried out using Merck 60 F 254 plates with a 0.25 mm thickness. Flash chromatography was carried out using Merck silica gel 60 (230-400 mesh) using ethyl acetate/hexanes as eluents. FT-IR spectra were recorded using a JASCO 4100 spectrometer equipped with a diamond single-reflection attenuated total reflectance (ATR) accessory. Inductively coupled plasma-atomic emission spectrometry (ICP-AES) was performed using a Perkin-Elmer/Optima-4300 DV. 1 H and 13 C NMR spectra were recorded using a Varian INOVA-399 (400 MHz) and calibrated using tetramethylsilane as an internal reference. Mass spectra were obtained using a Varian 1200L instrument (Quadrupole MS).
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